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shRNAa b s t r a c t
Gpn1 and Gpn3 are GTPases individually required for nuclear targeting of RNA polymerase II. Here
we show that whereas Gpn3-EYFP distributed between the cytoplasm and cell nucleus, it was mainly
cytoplasmic when coexpressed with Gpn1-Flag. Gpn3-Flag retained Gpn1-EYFP in the cytoplasm.
However, Gpn3-EYFP/Gpn1-Flag nucleocytoplasmic shuttling was revealed after inhibiting nuclear
export with leptomycin B. All Gpn3-EYFP coimmunoprecipitated with Gpn1-Flag, and all Gpn1-EYFP
with Gpn3-Flag. Importantly, most endogenous Gpn1 and Gpn3 also associate. Gpn1–Gpn3 interac-
tion was essential to maintain steady-state protein levels of both GTPases. We propose that most
Gpn1 and Gpn3 associate, are mobilized, and function as a protein complex.
Structured summary of protein interactions:
GPN3 physically interacts with GPN1 by anti tag coimmunoprecipitation (1, 2)
GPN3 and GPN1 colocalize by ﬂuorescence microscopy (View interaction)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Gpn1 and Gpn3 constitute, together with Gpn2, a group of
essential GTPases called Gpn due to the universal presence of a
glycine–proline–asparagine motif [1]. These GTPases were identi-
ﬁed as proteins that stably associate with RNA polymerase II (RNA-
PII) [2–6]. Interestingly, the effect of suppressing Gpn1/NPA3 on
the gene expression pattern in yeast was practically identical to
suppressing Gpn3/YLR243W [3]. The similarity in phenotype after
inhibition of Gpn1 or Gpn3 suggests that these two GTPases func-
tion in the same pathway. In mammalian cells both, Gpn1 [4] and
Gpn3 [7], are required for the nuclear accumulation of RNAPII. This
function is conserved in the yeast Saccharomyces cerevisiae, where
nuclear targeting of RNAPII is also a process that depends on the
yeast orthologs of Gpn1, NPA3 [4,6] and of Gpn3, YLR243W [8].
Gpn1 and Gpn3 may play independent roles in the cell or, alterna-
tively, these two GTPases may collaborate to perform a singlefunction. Based on previous reports that Gpn1 and Gpn3 are able
to interact in several species, including human cells [2,5,9], we
explored here the extent and physiological relevance of Gpn1–
Gpn3 interaction in mammalian cells. We showed that most trans-
fected and endogenous Gpn1 and Gpn3 interact constitutively,
strongly and stably. We also demonstrated that Gpn1–Gpn3
interaction is functionally important for both proteins, as the
steady-state protein levels of one GTPase were dramatically
reduced after suppressing the expression of the other. These
results are consistent with the proposal that Gpn1 and Gpn3 are
part of a single protein complex in vivo, and explain why interfer-
ing with the function of either protein produces the same pheno-
typic consequences in both, yeast and mammalian cells.
2. Materials and methods
2.1. Antibodies and reagents
Anti-mouse and anti-rabbit immunoglobulins G conjugated to
horseradish peroxidase (HRP), and mouse monoclonal anti-tubulin
antibodies were obtained from Sigma (St. Louis, MO). The rabbit
polyclonal antibodies against Gpn1 and Gpn3 were used as
AB
Fig. 1. Gpn1-Flag relocalizes Gpn3-EYFP from the cell nucleus to the cytoplasm. (A) HEK293T/17 cells were cotransfected with plasmids encoding Gpn3-EYFP and Gpn1-Flag
or the pCMV5 empty vector, as indicated. 24 h later cells were ﬁxed, stained with DAPI and photographed under a ﬂuorescence microscope for both, EYFP and DAPI. (B)
Quantiﬁcation of the nucleus/cytoplasm Gpn3-EYFP ﬂuorescence ratio was performed with the program Image J. The results shown are means ± S.D. of at least 300 cells.
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obtained from Sigma, and all tissue culture reagents were from
Invitrogen (Carlsbad, CA).
2.2. Cell culture conditions
Human mammary epithelial cells MCF-12A, MDA-MB-231 and
HEK293T/17 were obtained from the American Type Culture Col-
lection (Manassas, VA). MDA-MB-231 and HEK293T/17 cells were
grown and maintained in high-glucose Dulbecco’s modiﬁed Eagle’s
medium supplemented with 10% fetal bovine serum. Culture med-
ium contained 100 U/ml penicillin and 100 lg/ml streptomycin in
a humidiﬁed air-CO2 atmosphere at 37 C.
2.3. Generation of Gpn1-Flag, Gpn1-EYFP, Gpn3-Flag and Gpn3-EYFP
molecular constructs
Full-length cDNAs for human Gpn1 or Gpn3 were inserted into
EcoRI and KpnI sites of the pCMV5a vector, or into HindIII and KpnI
sites of the pEYFP-N1 vector. HEK293T/17 cells were transfected
with puriﬁed DNAs (1 lg) by the calcium phosphate method, and
after 24 h cells were washed twice with PBS and ﬁxed at room
temperature with 3.7% formaldehyde in PBS (pH 7.4) for 15 min.
After rinsing the cells with PBS, they were permeabilized with
0.2% triton X-100 in PBS for 15 min at room temperature. Cells
were counterstained with DAPI to visualize nuclei and pictures ofGpn1-EYFP, Gpn3-EYFP or DAPI were acquired at 60 with an
Olympus inverted ﬂuorescence microscope equipped with an evo-
lution MP camera.2.4. shRNAs-mediated depletion of Gpn1 or Gpn3
To stably suppress Gpn1 or Gpn3 expression we employed a
retroviral vector to express speciﬁc short-hairpin RNAs. To sup-
press Gpn3 expression we used the shRNA g193, with the sequence
50-gaggatgattctctgcgat-3; the ineffective shRNA g239 was used as
control (sequence 50-gcatggagtactttgccaa-30). Retroviruses were
produced and used for infection as previously described [7]. The
RNAi-resistant form of Gpn3 (Gpn3(R)-Flag) contains three nucle-
otide changes in the Gpn3 coding region complementary to shRNA
g193: t204c, g207c, and a210g. These nucleotide changes do not
alter the amino acid composition of Gpn3.2.5. Western blot analysis
Cells were washed with ice-cold PBS and scraped into lysis buf-
fer containing 50 mM Tris (pH 7.4), 1% Triton X-100, 150 mM NaCl,
1 mM MgCl2, 1 mM EDTA, 1 mM DTT and 1 mM PMSF. After
incubating cells for 20 min on ice, the lysates were cleared by
centrifugation. Samples were separated on SDS–PAGE gels [12],
and then electrophoretically transferred in a semi-dry system to
AB
Fig. 2. Gpn3-Flag retains Gpn1-EYFP in the cytoplasm. (A) HEK293T/17 cells were cotransfected with plasmids encoding Gpn1-EYFP and Gpn3-Flag or the empty pCMV5.
20 h after transfection cells were treated with 20 nM leptomycin B (LMB) or the vehicle (methanol) and ﬁxed 2 h later. After staining with DAPI, photographs were taken
under a ﬂuorescence microscope for both Gpn1-EYFP and DAPI. (B) Quantitation of the leptomycin B-induced nuclear accumulation of Gpn1-EYFP in the presence or absence
of Gpn3-Flag. The nucleus/cytoplasm Gpn1-EYFP ﬂuorescence ratio was calculated with the program Image J. The results are means ± S.D. of at least 300 cells.
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performed as previously described [7].
2.6. Gpn1-Flag and Gpn3-Flag immunoprecipitation
Transfected HEK293T/17 cells were washed twice with ice-
cold PBS and scraped into 1 ml of lysis buffer (see compositionabove). Cell lysates were incubated for 20 min on ice and then
cleared by centrifugation at 13,000 rpm for 10 min at 4 C. The
soluble fractions were then incubated with a mouse monoclonal
M2 anti-Flag antibody covalently attached to agarose (Sigma).
After rotation for 2 h at 4 C, immunocomplexed beads were
washed brieﬂy ﬁve times with lysis buffer. Beads were heated
at 95 C in 2 SDS-containing Laemmli buffer for 5 min.
AB C
Fig. 3. Coexpressed Gpn3-EYFP and Gpn1-Flag shuttle between the cytoplasm and the cell nucleus. (A) Gpn3-EYFP and Gpn1-Flag accumulate in the cell nucleus after
inhibition of protein nuclear export with leptomycin B. HEK293T/17 cells expressing Gpn3-EYFP and Gpn1-Flag were exposed to 20 nM leptomycin B (LMB) or vehicle
(methanol) for 12 h before being ﬁxed with 3.7% formaldehyde. Subcellular distribution of Gpn1-Flag was determined by immunoﬂuorescence with an anti-Flag antibody,
and Gpn3-EYFP was visualized directly under a ﬂuorescence microscope. Nuclei were counterstained with DAPI. The three ﬂuorophores were detected in the same cells
employing the appropriate ﬁlters. (B) Quantitation of leptomycin B-induced nuclear accumulation of Gpn3-EYFP and Gpn1-Flag in HEK293T/17 cells. The nucleus/cytoplasm
Gpn3-EYFP or Gpn1-Flag ﬂuorescence ratio was calculated with the program Image J in cells treated or not with 20 nM leptomycin B for 12 h. The results are means ± S.D. of
at least 300 cells. (C) Time course of the nuclear accumulation of Gpn3-EYFP when coexpressed with Gpn1-Flag after nuclear export inhibition with leptomycin B. HEK293T/
17 cells coexpressing Gpn3-EYFP and Gpn1-Flag were exposed to 20 nM leptomycin B for the indicated times and ﬁxed with 3.7% formaldehyde. After counterstaining nuclei
with DAPI, photographs of Gpn3-EYFP were taken under a ﬂuorescence microscope. Nuclear Gpn3-EYFP localization was arbitrarily deﬁned as a nucleus/cytoplasm
ﬂuorescence ratio higher than 0.75. The percentage of cells having nuclear and cytoplasmic Gpn3-EYFP was assessed at every time point. Results shown are means ± S.D. of at
least 300 cells.
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3.1. Gpn1-Flag relocalizes Gpn3-EYFP from the cell nucleus
to the cytoplasm
To determine the extent of the interaction between Gpn1 and
Gpn3 we analyzed the effect of Gpn1-Flag on the subcellular distri-
bution of Gpn3-EYFP in transiently transfected HEK293T/17 cells.
The Gpn3-EYFP ﬂuorescent protein distributed between the cell
nucleus and cytoplasm (Fig. 1A). However, when coexpressed with
Gpn1-Flag, Gpn3-EYFP was present only in the cytoplasm (Fig. 1A).
The results were quantiﬁed by assessing the nucleus/cytoplasm
Gpn3-EYFP ﬂuorescence ratio using the program Image J
(Fig. 1B). These results conﬁrmed that Gpn1-Flag was able to
restrict Gpn3-EYFP mobility into the cell nucleus and to strongly
retain Gpn3-EYFP in the cytoplasm.
3.2. Gpn3-Flag inhibits the nuclear entry of cytoplasmic Gpn1-EYFP
Next, we designed the reciprocal experiment, i.e., we deter-
mined if Gpn3-Flag could be as effective to restrict the cellular
mobility of Gpn1-EYFP. Although most Gpn1-EYFP is apparently
cytoplasmic, this protein actually shuttles between the cytoplasm
and the cell nucleus [4,13]. Inhibition of the nuclear export factor
Crm1 with leptomycin B (LMB) results in nuclear accumulationof Gpn1-EYFP. As the ﬁrst step in the LMB-induced nuclear trap-
ping of Gpn1-EYFP involves nuclear entry of Gpn1-EYFP, we evalu-
ated if LMB-mediated nuclear accumulation of Gpn1-EYFP was
modiﬁed by Gpn3-Flag. In untreated HEK293T/17 cells Gpn1-EYFP
was detected in the cytoplasm and, as expected, it accumulated in
the nucleus of most cells after only 2 h of LMB addition. However,
when Gpn3-Flag was co-expressed with Gpn1-EYFP, this protein
remained in the cytoplasm even in the presence of LMB (Fig. 2A).
To quantify these results we determined the nucleus/cytoplasm
Gpn1-EYFP ﬂuorescence ratio with the program Image J (Fig. 2B).
These results clearly showed that Gpn3-Flag was able to retain
most Gpn1-EYFP in the cytoplasm.
3.3. Coexpressed Gpn3-EYFP and Gpn1-Flag shuttle between
the cytoplasm and the cell nucleus
Carre et al., (2011) and Lavallée-Adam et al., (2013) have dem-
onstrated an association between Gpn1 and Gpn3 in biochemically
separated nuclear and cytoplasmic fractions. Thus, we consider the
possibility that Gpn1 and Gpn3 may be mobilized between these
two subcellular compartments as a single protein complex. To test
this possibility we cotransfected HEK293T/17 cells with plasmids
encoding Gpn3-EYFP and Gpn1-Flag, and followed the distribution
of both proteins in cells treated or not with the nuclear export
inhibitor LMB for a longer period of time than the examined in
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Fig. 4. Gpn1 and Gpn3 form a single protein complex in cells. (A) All Gpn1-EYFP coimmunoprecipitates with Gpn3-Flag. HEK293T/17 cells were cotransfected with plasmids
encoding Gpn1-EYFP and Gpn3-Flag or the empty pCMV5 vector. 20 h later, cells were treated with 20 nM leptomycin B (LMB) or the vehicle (methanol) for 2 h (see text).
After this treatment, cells were lysed and Gpn3-Flag was immunoprecipitated with a resin-bound M2 anti-Flag antibody. Proteins in the cell extract before (‘‘cell lysates’’) and
after (‘‘overﬂow’’) immunoprecipitating Gpn3-Flag, as well as those present in the Gpn3-Flag immunoprecipitate were probed with the indicated antibodies. (B) All Gpn3-
EYFP coimmunoprecipitates with Gpn1-Flag. HEK293T/17 cells were transfected with plasmids encoding Gpn3-EYFP and Gpn1-Flag or the empty pCMV5 vector. 24 h later
Gpn1-Flag was immunoprecipitated from cell extracts with a resin-bound M2 anti-Flag antibody. Proteins in cell extracts before (‘‘cell lysates’’) and after (‘‘overﬂow’’) the
immunoprecipitation of Gpn1-Flag, as well as those present in the Gpn1-Flag immunoprecipitate were probed with the indicated antibodies. (C) Immunodepletion of
endogenous Gpn3 from cell extracts also removes Gpn1. Cell extracts were immunodepleted of Gpn3 with a rabbit antibody, and Gpn3 and Gpn1 protein levels were assessed
in the extracts before (‘‘cell lysate’’) or after immunoprecipitating Gpn3 (‘‘overﬂow Gpn3 Ab’’) or incubating with the control antibody (‘‘overﬂow control’’). (D)
Immunodepletion of endogenous Gpn1 from cell extracts also removes most of Gpn3. A fraction of the cell extract used in C was effectively immunodepleted of Gpn1 with a
rabbit antibody, and Gpn1 and Gpn3 protein levels were assessed in the cell extract before (‘‘cell lysate’’) or after immunodepleting Gpn1 (‘‘overﬂow Gpn1 Ab) or incubating
with the control antibody (‘‘overﬂow control’’).
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Figs. 1A and 2A, co-expressed Gpn3-EYFP and Gpn1-Flag were
mainly in the cytoplasm in the absence of LMB (Fig. 3A). However,
after 12 h in the presence of LMB, both Gpn3-EYFP and Gpn1-Flag
accumulated in the cell nucleus of HEK293T/17 cells (Fig. 3A and
B). Nuclear accumulation of Gpn3-EYFP coexpressed with Gpn1-
Flag displayed a slower time course (Fig. 3C) than that of Gpn1-
EYFP expressed alone (Fig. 2A), as in the former case the number
of cells with a nuclear signal for Gpn3-EYFP did not change after
2 h but steadily increased between 4 and 12 h after the addition
of LMB (Fig. 3C). Interestingly, Gpn3-EYFP coexpressed with
Gpn1-Flag displayed a cytoplasmic localization during the 24 h-
experiment (Fig. 3C). This result indicates that Gpn3-EYFP
remained associated with Gpn1-Flag at all times, as dissociated
Gpn3-EYFP would be expected to be in the cell nucleus (Fig. 1A).
More importantly, these results indicate that the mobilization of
Gpn3-EYFP and Gpn1-Flag into the cell nucleus observed in the
presence of LMB occurs as a Gpn3-EYFP/Gpn1-Flag single protein
complex. At the single cell level the nuclear accumulation of
Gpn3-EYFP in the presence of LMB was always associated with
nuclear Gpn1-Flag (Fig. 3A), supporting the proposal that the mobi-
lization of Gpn3-EYFP and Gpn1-Flag occurs as a single complex.
The relatively slow time course of the LMB-induced nuclear accu-
mulation of Gpn3-EYFP (Fig. 3C) suggests that the Gpn3-EYFP/
Gpn1-Flag complex is not free to enter the cell nucleus, but that
this process is most likely controlled by a regulatory mechanism
that slowly triggers Gpn1–Gpn3 nuclear entry. It is tempting to
speculate that this mechanism would be related to nuclear import
of newly synthesized RNAPII. So far, nuclear export of Gpn1 has
been linked to the nuclear export of only two other proteins,which, interestingly, are also involved in nuclear targeting of RNA-
PII, Iwr1 [8,14] and RPAP2 [15].
3.4. All Gpn3-EYFP in the cell coimmunoprecipitates with Gpn1-Flag
and all Gpn1-EYFP with Gpn3-Flag
The results of the relocalization and nucleocytoplasmic mobili-
zation assays described above could be explained if most Gpn1 and
Gpn3 were constitutively and tightly bound to each other. To test
this possibility, we assessed the physical interaction between these
two GTPases by coimmunoprecipitation and Western blot experi-
ments. Gpn1-EYFP was cotransfected with Gpn3-Flag in HEK293T
cells, and 24 h later Gpn3-Flag was immunoprecipitated from the
soluble fraction with an M2 anti-Flag antibody. Cell extracts before
and after the immunoprecipitation step, as well as the proteins
present in the Flag immunoprecipitate, were analyzed for the pres-
ence of Gpn1-EYFP and Gpn3-Flag. Gpn1-EYFP was clearly present
in the Gpn3-Flag but not in the immunoprecipitate control, indi-
cating that these two proteins interact speciﬁcally. More impor-
tantly, Gpn1-EYFP was not detected in the cell extract after
depleting Gpn3-Flag with the Flag antibody (Fig. 4A, ‘‘overﬂow’’).
The fact that the two GTPases were removed simultaneously from
the cell extract with the Flag antibody is consistent with our pro-
posal that most, if not all, Gpn1-EYFP was associated with Gpn3-
Flag in HEK293T/17 cells.
To test the reverse experiment, we coexpressed Gpn3-EYFP
with Gpn1-Flag in HEK293T/17 cells, and 24 h later we immuno-
precipitated Gpn1-Flag from the soluble cell extracts with M2
anti-Flag antibody. Gpn3-EYFP was speciﬁcally detected in the
Gpn1-Flag immunoprecipitate (Fig. 4B). Again, all Gpn3-EYFP was
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Fig. 5. Endogenous Gpn1 and Gpn3 protein levels are interdependent. (A)
Suppression of Gpn3 expression leads to a secondary reduction in Gpn1 protein
levels in MCF-12A cells. MCF-12A mammary cells were infected with retroviral
particles encoding two shRNAs speciﬁc for Gpn3, one ineffective (g239, used as
control) and one highly effective (g193) to decrease Gpn3 protein levels. Protein
levels for both, Gpn3 and Gpn1, were assessed in cell extracts prepared from
puromycin-resistant cells (see Section 2). (B) The decrease in Gpn1 protein levels
observed in MCF-12A cells after expressing the shRNA g193 is prevented by an
shRNA g193-resistant form of Gpn3. MCF-12A cells stably expressing an RNAi-
resistant form of Gpn3 (Gpn3(R)-Flag, see ‘‘Section 2’’) were infected with retroviral
particles expressing shRNAs g239 (control) or g193 (effective to suppress endog-
enous but not RNAi-resistant Gpn3 expression). Gpn3 and Gpn1 protein levels were
assessed by Western blot with speciﬁc antibodies for either GTPase. The Gpn3
antibody is able to detect both, endogenous and shRNA-resistant Gpn3-Flag. (C)
Gpn1 protein levels decrease after suppressing Gpn3 expression in MDA-MB-231
mammary cells, which display RNAPII in the cell nucleus and normal transcriptional
activity even in the absence of Gpn3 [7]. MDA-MB-231 cells were infected with the
shRNAs g239 (control) or g193, and selected by culturing the cells in the presence of
puromycin. Total cell extracts were prepared from puromycin-resistant cells and
proteins separated by SDS–PAGE, transferred to PVDF membranes and probed with
antibodies for both, Gpn1 and Gpn3. Tubulin was monitored to assess equal protein
loading. (D) Gpn3 protein levels decrease after suppressing Gpn1 expression in
MDA-MB-231 mammary cells. MDA-MB-231 cells were infected with retroviral
particles expressing the empty vector pSRP or the shRNA g515, which is highly
effective to suppress Gpn1 expression. After puromycin selection, total cells
extracts were prepared and proteins were separated by SDS–PAGE, transferred to
PVDF membranes and probed with antibodies for both, Gpn1 and Gpn3. Tubulin
was monitored to assess equal protein loading.
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ing that all Gpn3-EYFP was associated with Gpn1-Flag (Fig. 4B,
‘‘overﬂow’’). Altogether, these results convincingly demonstrate
that transfected Gpn1 and Gpn3 form a single protein complex in
cells, which is consistent with the results of the relocalization
and nucleocytoplasmic mobilization experiments described in
the previous sections.
3.5. Most endogenous Gpn1 and Gpn3 are also part of a single protein
complex
The results showed above demonstrated that transfected Gpn1
and Gpn3 proteins bound strongly and stably to each other. We
next asked if this was also true for the endogenous proteins. For
this purpose, we employed rabbit antibodies to immunodeplete
Gpn1 or Gpn3 from cell extracts and evaluated the remaining frac-
tion of the other GTPase in those extracts (Fig. 4C and D). Immun-
odepletion of endogenous Gpn3 from a cell extract with a rabbit
Gpn3 antibody was paralleled by the depletion of endogenous
Gpn1 from that extract (Fig. 4C), indicating that most Gpn1 was
in a complex with Gpn3. We next tested if the opposite was also
true. As expected, immunodepletion of Gpn1 from cell extracts
was also accompanied by a marked decrease in Gpn3 from that
extract (Fig. 4D), supporting the proposal that most Gpn3 was
bound to Gpn1. Importantly, the Gpn1 and Gpn3 antibodies did
not recognized any signal at the molecular weight of the other
GTPase in Western blot assays, ruling out the possibility of a direct
recognition of Gpn3 by the Gpn1 antibody, or vice versa (results
not shown). Thus, we conclude that most, if not all, endogenous
Gpn1 and Gpn3 associate in a single protein complex.
The interaction between Gpn1 and Gpn3 has been described in
different organisms, including the yeast S. cerevisiae [8,9], Caeno-
rhabditis elegans [16] and humans [2]. It is important to note that
some of these studies reported the interaction by the yeast the
two-hybrid system, which implies that the interaction between
Gpn1 and Gpn3 is direct. Alonso et al., performed molecular mod-
eling experiments in which they are able to show that yeast Gpn1
and Gpn3 can assemble as a heterodimer [17]. Interestingly, the
single Gpn protein in Pyrococcus abyssi is a homodimer [1,18]. This
observation has led to the proposal that Gpn proteins belong to a
group of GTPases activated by dimerization [19]. Given the similar-
ity in amino acid sequence between the GTPase domain of Gpn1
and Gpn3 [17], is possible that in eukaryotic cells, where all or dif-
ferent combinations of all three GTPases Gpn (Gpn1, Gpn2 and
Gpn3) may be expressed, they could actually associate and func-
tion as heterodimers.
3.6. Gpn1–Gpn3 physical interaction is essential to maintain
the steady-state protein levels for both GTPases
We next investigated if the strong interaction between Gpn1
and Gpn3 was in any way relevant for these proteins. To start
addressing this question, we blocked Gpn1–Gpn3 interaction by
suppressing either Gpn1 or Gpn3 expression by interference RNA,
and examined the effect of this manipulation on the protein levels
of the other GTPase. When one protein associates tightly with
another to form a multiprotein complex, very often the stability
of this protein depends on the formation of that complex. Suppres-
sion of Gpn3 with an effective shRNA also suppressed Gpn1 (g193,
Fig. 5A). To discard any off-target effect of the shRNA g193, we sup-
pressed Gpn3 in MCF-12A cells stably expressing an RNAi-resistant
form of Gpn3 (Gpn3(R)-Ha). In these cells, the shRNA g193
suppressed endogenous Gpn3 but not Gpn3(R)-Ha (Fig. 5B). Impor-
tantly, Gpn1 protein levels remained unchanged after expressing
the shRNA g193 in these cells (Fig. 5B), ruling out an off-targeteffect and demonstrating that the suppression of Gpn3 by the
shRNA g193 is directly linked to a decrease in Gpn1 protein levels.
The reduction in Gpn1 protein levels after suppressing Gpn3
expression described above might hypothetically be due to an inhi-
bition of RNAPII, as in MCF-12A cells Gpn3 is needed for optimal
activity and nuclear accumulation of this enzyme [7]. To discard
this possibility, we repeated the experiment in MDA-MB-231 cells.
These cells maintain RNAPII in the cell nucleus and have normal
transcriptional activity even in the absence of Gpn3 [7]. Interest-
ingly, Gpn1 protein levels were again markedly reduced by sup-
pressing Gpn3 expression (Fig. 5C), ruling out the possibility that
the reduction in Gpn1 protein levels observed after knocking-down
Gpn3 is due to an inhibition of RNAPII activity. These results
demonstrate that Gpn1 interaction with Gpn3 is physiologically
relevant, as normal Gpn1 protein levels in cells depend entirely
on the presence of Gpn3.
Next, we tested if Gpn3 interaction with Gpn1 played any role
in Gpn3 stability. MDA-MB-231 cells were infected with a retrovi-
rus encoding an shRNA designed to knockdown Gpn1, which we
called shRNA g515, or the pSRP empty vector. The shRNA g515
was highly effective to knockdown Gpn1 (Fig. 5D). Importantly, a
reduction in Gpn1 levels was also accompanied by a dramatic
decrease in Gpn3 protein levels. These results demonstrated that
Gpn3 protein stability is completely dependent on its interaction
L.E. Méndez-Hernández et al. / FEBS Letters 588 (2014) 3823–3829 3829with Gpn1. Altogether, these results showed that the Gpn1–Gpn3
physical interaction is physiologically relevant for both proteins
and support our proposal that these two GTPases must remain
tightly bound to each other in order to be stable in mammalian
cells.
The results of our subcellular relocalization assays in cells, and
of the immunoprecipitation experiments performed here, indicate
that the Gpn1–Gpn3 interaction is constitutive, strong and
involves most of both GTPases in the cell. These results explain
why the inhibition of either Gpn1 or Gpn3 results in the same
cellular phenotype. We have also demonstrated that Gpn1–Gpn3
are mobilized between the cytoplasm and the cell nucleus as a
complex, a ﬁnding that is consistent with previous reports indicat-
ing that endogenous Gpn3 is found to associate with Gpn1 in bio-
chemically separated nuclear and cytoplasmic fractions [2,20]. Our
current model is that Gpn1 and Gpn3 form and work as a single
functional unit. Gpn1 and Gpn3 mutual dependence to maintain
the steady state protein levels in cells reveals how important is
for these GTPases to integrate into a single protein complex in
mammalian cells.
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